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ABSTRAC'

Analytical and experimental studies were carried out
to increase the understanding of the behavior of high explo-
sives under impact loads. A mathematical model of the impact
initiation phenomena was constructed assuming that a single
mechanism, viscous heating, was operating during the radial
extrusion of a flat explosive billet. Techniques were devel-
oped for continuously monitoring the temperature profile at
the explosive-anvil interface, using rapid response (1 5 sec)
surface thermocouples to check the adequacy of the analyti-
cal model. The results of these experiments showed that the
highest temperatures were obtained at the outer edge along
the HE-anvil interface as predicted by the viscous heating
model.

To extend the applicability of the IITRI-developed
method for predicting impact velocities required for the
initiation of the explosive components of special weapons,
basic sensitivity data was acquired for 9010 PBX, Comp B-3
and 9404 PBX. In particular, the explosives were subjected
to a concentrated impact load by means of a wedge shaped
loading device and to planar uniform loads having two dif-
ferent pulse shapes. Analyses of the wave propagation in
layered segments consisting of inert and explosive materials
were carried out to predict the impact velocity required to
initiate the explosive in such a system, Impact experiments
on these models confirmed the validity of the prediction
method.
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BEHAVIOR OF EXPLOSIVE SYSTEMS UNDER MILD IMPACT
I

I. INTRODUCTION

Within recent years IITRI has conducted studies directed

toward developing a method for predicting the response of wea-

pons to a wide variety of severe impact conditions. Laboratory

studies carried out in pursuit of this problem established some

of the important parameters governing the impact initiation of

large charges of high explosives. Two noteworthy observations

have been made through these experiments. First, impact veloc-

ity, rather than impact energy or momentum, has'been found to

govern the response of the explosive. Secondly, the impact ve-

locity required for initiation is strongly dependent on charge

size (Ref. 1), as Figure 1 shows. The experimentally obtained

data on the impact sensitiveness of explosives counled with an

analytical method that takes intq account the .effect of the par-

ticular weapon configuration have formed the basis for enabling

us to achieve t'ie goal of predicting the impact vulnerability of

weapons (Ref. J,2,3). The predicted values have been in good

agreement. with the results of field tests.in a large majority

of cases (Ref. 4).

Although the original goal of developing a method for pre-

dicting the impact response of weapons had been achieved, impact

experiments on large charges of explosives are still required to

determine the response of new explosive formulations. Data ob-

tained by means of.the standard small scale impact drop tests

(Ref. 5)(on explosives of the order of grams in weight) cannot

be quantitatively extrapolated to determine the response of

large charges (Ref. 6). Further, detonation of large charges of

explosives can occur at impact speeds and pressures that are well

below those predicted by one-dimensional shock theory (Ref. 7,8).

Part of the inability to either extrapolate from very small

charge data to predictions of the response of large charges or
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to predict response from shock theory is due to a lack of under-

standing of the various mechanisms by which explosives react

when they are subjected to gentle impact.

Hence, one o the objects of the work reported here was

to conduct both analytical and experimental studies directed

toward gaining an understanding of the mechanisms responsible

for initiation at low impact velocities. Analytical studies

can reveal parameters whose role or significance is masked in

interpretations of experimental results. Insight into hazardous

conditions not tested in the laboratory may also be revealed by

an analytical model. A knowledge of mechanisms governing the

initiation process can provide guidelines for the formulation

of new explosives or modification of existing explosives that

will reduce their impact sensitivities. Moreover, a knowledge

of the mechanisms controlling the impact response of high ex-

plosives would reduce the amount of testing required to deter-

mine the sensitivity of a new explosive material.

The other objective of the work reported here was to extend

the applicability of the method for predicting vulnerable im-

pact velocities for weapons by acquiring additional sensitivity

data. Further, experiments were conducted on layered segments

containing inert and explosive materials to simulate weapon

configurations for the purpose of confirming the validity of

the prediction method.

The experimental technique that was used to determine the

impact sensitiveness of high explosives was intended to simu-

late, under laboratory conditions, configurations which would

exist in a weapon, i.e., with the explosive confined on two

sides by high-impedance materials. The experimental setup was

simple enough thEt data obtained regarding the physical quanti-

ties involved in characterizing the impact phenomena permitted

interpretations to different w eapon configurations. Basically,

in each experiment a laterally unconfined explosive billet

was impacted between a moving steel plate (driver plate) and

a stationary steel anvil, Figure 2.
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11. MECHANISM OF INITIATION BY LOW-VELOCITY IMPACT

High-speed framing camera photographs have shown the

crushing and subsequent initiation processes in impacted

explosive billets (Ref. 1). The regions denoted as A, B, C,

and D in Figure I exhibited differences in behavior that carry

implications regarding the mechanism of initiation in the

respective regions. While Figure 1 pertains specifically to

9404 PBX, other explosives such as H-6 (Ref. 3) and Tritonal

(Ref. 9) exhibited generally similar behavior but with higher

velocities required for initiation of these less sensitive

explosives.
In region A of Figure 1, high-order detonations occur

at impact velocities above 440 fps and calculated pressures of

the order of 10 kilobars. Explosions occur within the first

10 to 100 4sec after impact, during the first passage of the

nonreactive stress wave through the explosive billet or im-

mediately upon reflection of this stress pulse from the back.-

up anvil.

In region 3, initiation of explosion occurs at impact

velocities less than 440 fps and after some small amount of

crushing and ateral extrusion of the explosive billet occurs,

The explosion which may be a violent deflagration or detona-

tion of part of the explosive still trapped between the driv-

ing plate and the anvil occurs within 100 msec to I -sec after

impact.

In region C, which we consider to be thq initiation

threshold region, explosions occur only after the majority of

the explosive has been extruded beyond the original diameter

and the remaiming explosive is crushed to a very thin layer,

This "pinch" condition has been observed to occur within

I to 3 msec after impact for the plastic bonded HMX-based

materials (Ref. 2). Under these loading conditions the ex-

plosive is entirely consumed in a mild reaction.

4
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I
Explosions do not occur in region D, the no-go region.

Under these conditions a layer of unreacted explosive remains

on the witness plate after impact.

Finally, we observe explosions occurring external to the

original charge diameters and after complete crushup and extru-

sion of the billet. Here the explosion originates in the explo-

sive dust which was extruded from between the colliding plates.

This type of reaction can cause considerable damage and noise.

Region C, wherein marginal initiation can occur at minimal

impact velocities, is of greatest interest in considering the

impact hazard of explosive systems. TLe marginal ignition of

unconfined solid high explosives by low-velocity impact is un-

like shock initiation in a number of important respects. Ruda-
.-C Ll , '. -' , , .,' -. ,I- ; " f i , . .,,C t I I ' .: ro , s in

lJSL _IVL -c' in

shock initiation experiments, or a propagating reaction will not

be initiated at all; in contrast, the low-velocity impact pro-

cess as in region C may continue for a few milliseconds before

ignition is observed. During this long pre-ignition period,

there is substantial crushing of the explosive charge, and

crushed material is ejected radially at rather high velocities.

The input shock pressures induced in the explosive by low-vel-

ocity impact at marginal ignition conditions, perhaps as low as

1 to 6 kilobar (Ref. 10,71, are an order of magnitude lower

than those required to cause shock initiation (Ref 7, 8) The

long time delay to ignition under low-velocity impact permits

iundreds of reflections of compressive stress waves in the ex-

plosive between the high impedance driving plate and anvil. In

e astic materials, such multiple reflections cause increases in

e stress level, but because solid explosives attenuate unre-

active acoustic or stress waves drastically (Ref 2), there is

a question as to whether the net stress level in the explosive

would increase above a few kilobars, or decrease with time during

the impact process.

6



Ikei ause of these gross dissimi lariL iel, in t fie behavior of

explIOS ives exper it enc ing shock it I at i n at ,, (, ' 20 I.

I''i or more as opposed to int i at ion Linder ''gent te" Low-I
velocity impact , it is reatsonable to believe t at localized

heating, luading tO ignit ion of the C\plOSiVe, may be brought

about by processes other than shock heat ing Bowden and Yoffe

(Ref 13) .for inst ancc have shown that int iation of smnall ex-

p losi-ve samples by tbht: impact of w.eight s drc.pped t roin he ight of

I t o 80 cmi is achieved by a mechanism of adiabatic licating of

ccc luded gas bubHttVs Rowden has suggested It number of proc

esses as possiblfe mechanisms of ignition, which dre best pre-

sented as a di rect qpiotat ion from Referencc 1,i i nit iationI
may be brought about in thc following ways

U)~ "by hecat which raises th.e. material to the ignition
temperature ,

(2. "by impact or shuck, this can act hy.

(a) an ddidbatic he ating of compressed gas- spaces,

I~" a frictional hot spo-t on the confining surface
ur un a grit particle,

c'! itercrystalline frictioni of the explosive
i!t self;

\'p iSsu heating of the vxplosive at high rates
of shear,

~e. heating of a sharp point when it is dcformed
plastical ly,

nf; mutual reinforcement (.f gente shcc waves-,

k,3) "by .Atrasonic v-.bratiLn,

(4~) "by elcctrons, (, parti-cles, neutrc.n_, and fission
fragments,

i'5) "by light cf sufficient intensity,

(6) "by eltc~ric di--,:harge,

7) '1'by spont aneuus i iat ion of a grc.wi ng c rys ta:-

A Summary of ibis Mechanism St ud

Ec~cause of the high radial x-tlccit~y imparted to the crushed

explosive particles in car low velocity driving plate impact

experiments, it was believed that the viscous heating mechanism

7



might apply to our experimental configuration. A mathematical

model of the impact process was developed to determine whether

viscUus flow processes appeared to be capable of converting a

sufficient amount of mechanical energy into localized heating

to cause ignition of the explosive.

A preliminary analysis indicated that ignition due to

local viscous heating indeed appeared possible. It was found

that knowledge of the value of the coefficient of viscosity of

the explosive under the calculated local conditions of temper-

ature, pressure, and rate of strain was needed to make further

progress quantitatively on the mathematical model Such vis

cosity data do not exist, and can only be generated by making

experimental measurements of this property.

Before devoting further effort to analysis or embarking

on an experimental, program to measure the coefficient of vis-

cosity of solid explosive under high rates of strain, an attempt

was made to experimentally determine whether certain qualitative

conclusions drawn from the preliminary analysis were in fact

valid, The analysis had indicated that viscous heating would

cause the greatest local temperature rise adjacent to the sur-

face of the anvil, at a radial position near the periphery of

the driving plate. An independent analysis by Weston kRef. 15)

indicated the same -conclusion regarding the position of greatest

temperature rise, assuming a model in which the dominant mech-

anism of conversion of mechanical energy to heat was friction

at the interface between the explosive and the anvil.

Fast-response surface thermocouples were obtained and were

embedded in the anvil at the center, halfway to thc outer (dri-.

ving plate) radius, and just inside the outer radius. The re-

sults of several experiments using 90010 mock explosive and 9404

PBX appeared to confirm that very significant heating occurs at

the interface apparently due to flow processes during impact,

since the variation in temperature rise as a function of position

agreed qualitatively with the flow models.

8
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This work thus suggests that lateral flow processes may be
r-cstponsilu for ignition of Solid explosives under low-\'elocity3 imlpac t

The fo I lIowing sec t ions duscribe the anal yt ica I and exper i -

mental invest igat ion of the v iSCOLIS Ieat ing modc 1 for t he impact

ignition of sol id explosives.

B. ImpactExtrus ion Aialysis

The impact of a steel driving plate upon a large cylindri-

cal explosive billet causes radial uxtrusion of thu explosive.

in begtnning to analyze such a flow we must first determine the

flow regime, i.e. ' whether laminar or turbulent Reynolds num-

bers, Re, were calculated for quite severe loading conditions.
assiuming the viscosity of the explosive to be 10 6 poise, (Ref 16)

and ustbg the height between the driving plate and anvil as the
"characteristics length." An equation expressing conservation
of mass in the extrusion flow ,.ndicates that mass flow rate is

highest at the outer periphery of the driving plate (r = R ) at
any given time.

let us define the following terms, to which we refer in

Figure 3 and subsequent equations

r = radial position (variable) about axis of cylindrical
charge

h = axial position (variabie) Datum plane is at anvil
surface

H = axial distance between the anvil and driving plate
surface at any given time H = H(t).

u radial velocity. u := u(r,h)

u average radial velocity at a given radial position,
u = u(r.t)

S=average mass flow rate at a given radia.l position.
mass per unit time per unit area, G = (,(r)

P = density of explosive (assumed constant)

U viscosity of explosive (assumed constant)

v driving plate impact velocity (assumed constant)

P

9



V

____ __ velocity

I prof ile-s
- -- depicL

steel driving plate u(r,h1)

steel anvil

Fi gure 3 IM)de 1 f")r calculation of vi scous heating due to
radial impact extrusion.

and G (r)vtyr (f rom a mass balanc e)

2Hl

Re(r) I-IG)v~

It is significant to note that Reynolds number is inde-

pendent of 11. To find a maximul~m Reynolds number, we consider a

maximumi plate velocity of 1000 fps and maximum radius, R, = 3in.,
Which geneWra-tes Re 1.L x= 0.2. This value indicates that t-he ex-
trusion1 flow must be laminar. All analysis was based- on this,

assumption.

In ordcr to calculate theC extent of local dissipation of

mchlanical energy as viscous hecat ing wihnthe flowing exp lo-

SiVe, the vClocity Profile Must be determined. Neglecting in-

tr-ial uLe1-CtS associated withi thec velocity of' thie driving

p 1ate * we may show thiat tIL htyeI,)c it pro filI 1is parabl~oIic,
varying in amp)iLiude as a fun1ction1 Of r and It. The driv"ing

plate velocitY CaUSe-S a sigmiodal variation in theL profitle

nuar the driving plate SUrfLCC (Ref. 17,), as sketL-cd in Fig-

ure 3. Thec material near theu anvil surface does not possess a
significant axial vel'OCit\' C011'Omonen so -~ CI~L profile

closely follows thiat derived netgle'cting inCULial effects.

10



Subsequent analvsis will show that the amount of energy

locally dissipated into heat by tile viscous flow process is a

function of the velocity gradient. Since the maximum velocity

gradient associated with a parabolic flow profile (as near the

.anvil) is higher than that associated with the sigmoidil pro-

file (as near the driving plate) , it may be concluded that the

more pronounced viscos heating will occur near the anvil in-

terface. Furthermore, for preliminary analysis our attention

may be directed solely to the parabolic flow profile, neglecting

inertial effects, since these effects which are concentrated

near the opposite face of the explosive will have very small

influence on the velocity profile near the anvil.

Let us write a differential force balance on an annular

element of explosive of height dh and width dr, for derivmtion

of the viscous flow velocity profile, equating pressure forces

and shear forces. Assume that the solid explosive behaves as a

Newtonian fluid of constant viscosity.

dP = ", , ,uX
gc(. ) dr • 2 rdh = -( . dh • 2rdr (2)
d P

Since - is independent of h, we may integrate twice and apply

the boundary conditions (1) at h = 11/2 = 0 and (2) at h = 0,

u = 0, to derive ;-he flow profile expression

9c dP *?
u = - d - (h - hH) (3)ur

dP

We may eli,ainate dP, which is not easily evaluated, from

the velocity profile expression Icv evaluating U from Eq. (3) by

integration, then equate this to the expression for u obtained

1)y a mass balance:
,- H

u = 2,rdh
u

f 2;: rdh

gc it 2  dP

11
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Since -u = v pr/2H from a mass balance,

dP = 6,vr 
dPdP

Substitute this expression for 7J7 into Eq. (3).

3v r(hH-h)

HS

Note that this expression satisfies all boundary conditions

imposed on u(r,h), i.e., (1) u(r,O) = 0, (2) u(r,H) = 0,

(3) (r, H) = 0, and (4) u(0,h) = 0.
2

Now let us utilize this expression for the velocity pro-

file in the calculation of viscous heating accompanying impact

extrusion. The equation of mech3nical energy (Ref. 18)

D (u2/2) =- (" VP) - (V.t):+ 0(TT-g) (5)

describes the rate of change of kinetic energy per unit mass2
(u /2) into potential energy, acceleration, and dissipation

into heat. For a Newtonian fluid in a flow wherein all velocity

components vanish except the cylindrical radial velocity com-

ponent u = u(r,h), the rate of dissipation of mechanical energy

into heat per unit volume is

u 2 21 + L u 2 2 2 (")v' = 2i1 __ + (u _ + (-) :2il (ru) (6)

When the velocity profile of Eq. (4) is entered into Eq. (6),

the local rate of heat evolution per u1nit volume due to viscous

flow may be expressed as a function of radial and axial position,

instantaneous distance H between the driving plate and the

anvil, and driving plate impact velocity v
2P

IV - 112 (h2112 - 2Q11 - + 9r 2 (H 2  4hH + 4h 2 ) (7)

It may be seen by inspection that the maximum *i occurs at r = Rv p
and h = 0.

12
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v max 9 (8)

H

Let us now assume representative values of the quantities

U,Rp,Vp, and H to determine the order of magnitude of dissi-

pative heat release. Assume

RV= 3 in. = 0.25 ft ; H = 0.12 in. = 0.01 ft
(thin wafer, as in "pinch" condition)

vp = 50 lips; = 06 poise (Ref. 8).

Then V max equals 14.06 x 101 8gm/cm sec 3

For an explosive with a density of 1.7gm/cc and a specific heat

of 0.3gm-cal/gnO (, the calculated rate of temperature rise under

these impact conditions is 450°C/,-sec for the explosive adja-

cent to the anvil interface.

The tremendous rate of local temperature rise indicated

by these calculations may not be realized in actual experiments

for a number of reasons. The proximity of the massive steel

anvil will act as a heat sink to conduct away a large fraction

of the evolved heat, estimated by Weston (Ref. 15) as 15/16

the total heat liberation. Perhaps more significantly, the

value of viscosity used was estimated as that pertaining to a

plastic bonded explosive at room temperature, and shear stress

was assumed to obey the laws defining Newtonian fluids; it is

expected that the value of effective viscosity would change

greatly (perhaps by orders of magnitude) as the explosive's

temperature was rapidly raised, that the viscosity may be highly

dependent on rate of strain as in many viscoelastic media, and

that under dynamic loading the explosive may otherwise behave

very differently from a Newtonian fluid.

Despite the gross assumptions that have been necessary,

these calculations demonstrate the possible importance of flow

phenomena as a mechanism for localized heating to the point of

ignition of impacted solid explosives. Even a local temper-

ature rise of perhaps 10'C per microsecond (corrected for heat

13



loss into the anvil), rather than the much larger value indi-

cated by the preliminary calculations, would be sufficient to

lead to ignition within 30 to 50Lsec.

Because further meaningful analysis along these lines was

stymied until realistic data concerning effective viscosity was

available, an experimental approach was attempted in order to

determine whether the major qualitative points indicated by

the theoretical calculations could be experimentally observed.

C. Experimentswith Rapid Response Thermocouples

Flow analyses based on two extreme assumptions rugarding

the rheologic nature of solid explosive material have been

carried out. The two assumptions, i.e., that the explosive

flows as a Newtonian fluid (see Section II.B) and alternatively

that the explosive deforms in slug flow under impact (Ref. 15),

both indicated the same qualitative result regarding the loca-

tion in the explosive which would be heated most due to flow

processes. Because the velocity of the extruding explosive is

highest near the outer periphery of the material beneath the

driving plate, and the velocity gradient is steepest near the

interface between the explosive and the anvil, mechanical energy

should be deposited as heat in the explosive at the highest

rate near the outer periphery of the charge, near the anvil in-

terface.

An experiment was devised to permit us to measure the

magnitude of the temperature rise in the explosive at the In-

terface at various radial positions. The sensing elements

were rapid response surface thermocouples of a design shown

in Figure 4. Ribbon elements of chrom-e! qnd alumel, each 0.002

inch thick by about 1/16 inch wide, separated by a mica film

0.0002 inch thick and insulated from the stainless steel ther-

moucouple body by mica film, travel the length of the probe

to the sensing tip. On the surface of the probe tip a very

thin conductive junction formed between the ribbon elements in

Manufactured by the Nanmac Corporation, Needham Heights, Mass.

14



the thermocouple. The junction may be made by mechanicalI
abrasion of the probe tip by emery cloth (the metal burrs which

are thus bridged across the mica insulator comprising the

junction) or by chemical or vapor deposition of a ithiri metallic

film on the probe tip.

Fiber [',rmi-al disc for at-tac mtent: of moiii*.ori';,, cab l-s

Ri)-o elelne:.Ls of c.-rornel a:,A alimel,
i: sil1ar'-I from eac. ot: -or ai.- from
stailess st .,-1 - -, mica sl~eel s,
held in body .., presserl-L-, LapereOI

2-

'-hIermocouple junction formed on this surface

FigtrQ 4 Rapi re.-po se Na-,mac slirf!ice t--.. ormocouple

15
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The response time of the thermocouple is controlled by

the thickness and thermal diffusivity of the conductive material

which forms the junction. If a very thin metallic junction

(less than one micron thick) can be obtained, the response time

is on the order of one microsecond. Marginal initiation in the I
driving plate impact experiments reported here may occur as

late as I t c a' mii, ,: . ' ... .... • .
appeared that microsecond response times would be entirely ade-

quate for observing the temperature history leading toward ig-

nition of high explosives at 'he aanvil in-,f-e 1' im-rt

Five surface thermocouples were installed in massive steel

anvil plates to permit monitoring of surface temperature his-

tories at three different radial positions, as sketched in

Figure 5. A single thermocouple was mounted at the center
(r/R = 0), and two thermocouples were mounted at each of twop
other radial positions, at r/Rp = 0,; and at r/Rp = 0.92 (just

inside the outer driving plate periphery). The surfaces of the

thermocouples were carefully aligned with the surface of the

anvil. The object of experiments with these instrumented anvils

was to determine whether experimental observations would bear

out the analytical indication that temperature rises should be

higher at larger radial positions, and whether the magnitude

of the maximum observed temperature rise approached values re-

quired to cause cookoff in solid high explosives.

After experiments were conducted to measure the response

times of thermocouples with junctions prepared in various ways,

impact experiments were performed with 90010 plastic bonded

mock explosive and with PBX 9404 samples with instrumented

anvils.

1. Thermocouple Response Time Measurements

According to manufacturer's information (Ref. 19) the

response time of Nanmac surface thermocouples decreases from

about I millisecond when the resistance of the thermocouple

16
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6 in. - iameL(_(r aiivil

igtire 5 urf ace~ t 'ermocouplp positioi~s ort anvil

Note: Anvil is 3-in. -thick mild steel. Thermocouples are
threaded into appropriate machined cavities in bot-
tom face, to be flush with anvil surface.
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(with mechanically abraded junction) is about 2 ohms, down to

about 10 microseconds when the resistance is about 15 ohms.

Careful workmanship is necessary to produce a thermocouple

junction with a resistance of 15 ohms or higher.

Thermocouple junctions were also produced by vapor de-

position of a thin chromium filn (estimated to be on the order

oC 100 angstroms thick) on the surface of the probe tip. Chro-

mium was chosen over other metals because its hardness was

expected to reduce wear and abrasion of the film during the

impact extrusion of the relatively coarse-grained explosive

material.

Junctions of various resistances formed by mechanical

- ,.sior and by vapor deposition were subjected to response

r.ume experiments to determine the effect of these variables on

vesponse time. The junction was exposed to a sharp-fronted

temperature pulse with an exponentially decaying tail, and re-

sponse time was represented as the time to the maximum thermo-

couple output. In early experiments, the sudden temperature

pulse wa pr. ced electrically in some way such as the explo-

sion of a wire by a high current puilse, but the electrical noise

associated with the stimulating pulse masked the output signal

from the then, :uple, which was less than 10 millivolts.

To precl.de this problem, the input temperature pulse was

generated chemically, by the detonation of a blasting cap. The

blasting cap was placed on a heavy steel plate witi in 1/4 inch

of the end of the plate. The thermocouple was positioned
"around the corner" of the plate and mechanically decoupled

from the plate, such that the entire thermocouple was protected

from direct blast but the shock wave turning the corner of the

plate would impinge directly on the sensing probe tip. This

method produced quite clear oscilloscope traces of thermocouple

emf outtptL as a function of time, from which response times

were estimated, as shown in Figure 6.

Response times of five microseconds or less were found

to be attainable, with vapor deposited junctions and with

18
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(a) Vertical scale: 2 mv/cm, corresponds to -50°C/cm
Horizontal scale: 5 pLsec/cm,
Thermocouple resistance = IZ
Indicated rise time is -5 pLsec

- t

(b) Vertical scale: 2 mv/cm, corresponds to -50°C/cm
Horizontal scale: 5 jisec/cm.
Thermocouple resistance = 200
Indicated rise time is -2 sec

Figure 6 Oscilloscope records of thermocouple response
time measurements.
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mechanically abraded junctions of resistance greater than 10

ohms, as illustrated in Figure 7. As a means of checking the

veracity of these rapid response signals, experiments were run

in which the junction was intentionally covered with a thin

laver of oil or shielded in some way from the heat pulse; these

cxperiments showed the anticipated degradation in therta.iioupe

response, which tended to verify the credibility of the direct

measurements of response time.

The results of these response time experiments indicated

that mechanically abraded junctions exhibited response time

just as short as vapor-deposited junctions of minimal metal

thickness, and that junctions of either type responded rapidly

enough to be satisfactory for monitoring impact extrusion ex-

periments.

The vapor deposited junctions sometimes showed fluctu-

ations in resistance or loss of continuity apparently due to

oxidation after a few days of exposure to air.

At this point mechanical abrasion appeared to be superior

to vapor deposition as a method for making junctions because

junctions could thus be made very economically at the field

laboratory site of the explosive experiments, without

S ieverLh .ess. I,, types of jun-

tions continued to be considered for instrumented impact ex-

trusion experiments with explosives because it was not known

whether the flowing explosive would seriously abrade the junc-

tions, and which type of junction couid best resist such

abrasion.

2. Instrumented Impact Extrusion Experiments

In choosing test conditions for the first impact tests

with anvils instrumented with surface thenocouples, it was

decided that thin explosive samples would be used because the

sensitive "pinch" condition is reached at an earlier time and

under a lower plate velocity than required for thicker explosive
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sample s. most samples in these instrumented cxIperitients Were,

1.14 inch thick. Further, 90010 plastic bonded m'ock explo-

sive (anl inert material With mechanical properties c lose to

those of I'M 9404) was used in most of the experiments to

remove the risk of destroying anl anvil plate and a set of

t hermocop 1 vs due to detonation of the saimip I in anl earl y

test Only two Sets of five thermocouplcs cach were aval I -

able Lo uIS. Again, to avoid excessive stress onl thy anvil

r lates and thIcrmocoupic)LS in carly tests5, expicr inints were

coniduh cl a, low impac, vc 10(1t ivs.

AS wen'Itionlcd earl ier, there was a quest ion as to

%'hcLther s ignificatL abrasion of thc thermoccup)Le junctions

WOcild occur as a result of extrusion Ofl the CXPlosiVC over

the surface thermlocouples. If such abrasion should occur,

thC junection might be madc thicker or thinner in the proccss,

and the response time of the thermnocouple would change cor-

rcspondingly. If response time were degraded substantially

for this rcason dur ing the extrusion flow, the thermocouple

Wouldi be'Come incapable of c lose ly following the surface

tempe1)ra Lture history at its location, and its outpu)t would

lbe incorrect and misleading. Since the response time of

the thermocouple could be inferred from a measurement of

its resistance (see Figure 7), it became desirable co

measure the resistance of the thermocouple as a function

of time as well as the thermocouple Output emf as a func-

tion of tfine during the impact extrusion experiments.

ThuIs, We cou~ld determline whether the response time of each

the--rm1ocouLej1 was short enough to make the indicated tempera-

ture, hiis tories credle.
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flected pulse amplitude varies as function of
thermocouple resistance)

Figure 8 Circuit diagram and calibration records for inter-
mittent monitoring of thermocouple resistance histories.
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No means could be devised for measuring the thermo-

couple resistance directly without introducing unwanted

current flows of significance through the delicate junc-

tion and interfering with the thermocouple output emf

readings. A sampling technique was, therefore, used to

measure the resistance at frequent intervals while moni-

toring the indicated temperature history (output emf)

continuouslv. The circuit by which this was done is

shown in Figure 8. The small capacitor bridging the

transistor produced regular pulses with a duration of

about 0.02 microsecond at intervals of 1 microsecond.

The electrical pulse passed along a transmission line to

the thermocouple junction and was reflected with an

amplitude determined by the resistance of the junction,

The sensitivity of this method of intermittently moni-

toring thermocouple resistance as a function of time was

adequate to indicate whether the resistance was unchang-

ed, or had decreased to a low value indicating long re-

sponse time, or had become very high indicating a loss

of the thermocouple junction. Records illustrating

variations in reflected pulse "halo" amplitude as a

fanction of thermocouple resistance are presented in

Figure 8.

Tektronix model 555 dual-beam oscilloscopes were

used to monitor these experiments. While the thermo-

couple resistance was sampled and displayed on the up-

per beam, thermocouple output emf, from which interface

temperature could be determined, was monitored continu-

ously on the lower beam.

Thermocouple resistance was observed to remain un-

changed or Lo increase during the impact process. Thermo-

couples were usually found to be open (i.e., junctions

were abraded away) following each experiment,

24



The results of all impact experiments instrumented

with surface thermocouples are summarized in Table 1,

The data return was inconsistent in this series of ex-

periments, principally because of the delicacy of the

thermocouple junctions and the low thermocouple output

signal (5 to 30 my) in proportion to oscillatory electri-

cal noise. Thermocouple resistances prior to experiments

were in the range of 8 to 30 ohms

Only those oscilloscope records which indicated a

rather distinct temperature pulse were listed in Table 1.

Because of mechanical vibration of the sensors under

impact, electrical noise of significant amplitude was

superimposed on the signals. The noise reduced the ac-

curacy of temperature readings, which are therefore pre-

sented as approximate values in Table I.

The data presented in Table I appear to be consistent

with the analytical conclusion that temperature rise should

be largest near the outer periphery of the sample. The

analytical flow models also indicate that the temperature

rise at the center of the sample should be small. While

significant temperature pulses were noted at the center

thermocouple position in three shots listed in Table I,

the center thermocouple appeared to produce credible traces

which showed quite small temperature rises in other shots.

After shots on the 90010 mock explosive samples, the

6-inch diameter 0.250-inch-thick sample was found to have

been crushed to a thickness of less than 0,2 inch and the

edges of the sample were consistently broken away such

that its final diameter was -,3 inches. C'1ps of the

broken 90010 mock sample were found scateered in a radius

of 20 feet or more about .he shot point, where they had

flown upon being extruded by the force of the impact,

2
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(a) Upper trace is emf output from T/C 4, Shot 1.
Vertical scale: 5 mv/cm, -equivalent to

temperature rise of 125*C/cm
Horizontal scale: 200 pLsec/cm

It

(b) Lower trace is emf output from T/C 5, Shot 9.
Vertical scale: 10 mv/cm, -equivalent to

temperature rise of 250*C/cm
Horizontal scale:100 pisec/cm

Figure 9 Oscilloscope records of impact extrusion experiments
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The following interpretation of the results reported in

Table I is suggested. The radially outermost elements of the

impacted sample experience flow at high velocities at the
earliest time. These elements are broken up and extruded radi-

ally from beneath the driving plate. The temperature pulse
experienced at the outer thermocouple location then ends be-
cause there is no longer a continuum of material over it.
Subsequently, this process is repeated at the radially inter-

mediate thermocouple position, but the flow velocities are
lower because of the smaller radius and temperature pulses are

correspondingly lower, occur later, and are of longer duration.
In all experiments with inert (90010 mock explosive)

samples, temperature pulses resembled that shown in Figure 9(a),

i.e., a trace which reached a peak then dropped back down to
the base line. In Shot 9, however, where the PBX sample was
consumed in a mild reaction, the observed temperature trace

shown in Figure 9(b) exhibits a second temperature ercursion.
This second temperature pulse is believed to represent the lib-
eration of heat by reacting explosive. This diagnostic instru-

mentation thus appears to be capable of observing the time and

approximate location of initiation of ignition.

Shots 8 and 9 cracked the anvil plates in two and destroyed

both sets of thermocouples, causing the experimental phase of

,-.is work to be terminated, according to plan.

3. Operational Notes

The orientation of the Linear thermocouple junctions was

ariAnged to be parallel to the radial direction of flow for some

thermocouples, and arranged perpendicular to the direction of
flow for other thermocouples, as may be noted in Figure 5. How-

ever, no effect of junction orientation upon thermocouple per-

formance was noted in impact extrusion experiments.

The vibrations of the anvil under impact caused tensile

failure of the riveted fiber terminal disc on the thermocouple

base in early tests. This problem was eliminated by subsequent-

ly surrounding the thermocouple base with castable silicone.
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III. STUDIES TO EXTEND THE APPLICABILITY OF PREDICTING THE
VULNERABILITY OF WEAPONS TO IMPACT

The purpose of this phase of investigation was to gather
additional data on explosive impact sensitivity in order to

improve predicticns of vulnerable impact conditions for weapons.

In addition, as a means of confirming the validity of the method

of making predictions, experiments were conducted on simulated

weapon segments consisting of alternate layers of inert and

explosive material. The following specific tasks were

accomplished in attaining the objectives of this phase.
* The relationships between impact velocity required for

initiation and explosive charge size were determined

for Comp B-3, 9010 PBX, and 9404 PBX, for two different

input pressure pulse shapes, a square wave and a

decreasing exponential pulse.

e The effect of a concentrated impact load on explosive

sensitivity was investigated.

e The impact sensitivity of two types of detonators was

determined.

o The velocity of sound in 9010 PBX was measured and its

elastic moduli computed.

v Calculations were performed to predict the sensitivity

of explosives contained in configurations consisting

of alternate layers of inert and explosive materials.

Experiments were conducted to verify the analysis.

A. Experimental Procedures

1. The Explosive Materials

both live and mock (inert simulant) explosives

were used. The live explosives were Comp B-3 9010 PBX

9404 PBXo The mock material, 00010, a mechanical simulant

Comp B-3, Cast material, 60% RDX, 40% TNT

•"9010 PBX, 90% RDX, 10% Kel-F3700 elastomer

• *9404 PBX, 94% HMX, 3% nitrocellulose, 3% p-chloroethyl
phosphate
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for the plastic bonded explosives, was used only for the

experiments involving temperature measurements. All billets

were fabraicated by Mason & Hanger at their Pantex Ordnance
VPlant, Amarillo, Texas.

Comp B and 9010 PBX were selected since impact sensitivity

data, i.e., relationship between charge size and impact veloc-

ity required for initiations, does not exist for these explo-

sives. Additional experiments were conducted on 9404 PBX

for the purpose of extending our knowledge of the behavior of

this explosive to impact conditions not considered in the 1961

study (Ref. 1). Furthermore, these explosive materials were

selected because considerable weapon test data are available

for weapons containing these explosives. Hence, comparisons
between predictions based on IITRI's laboratory data and

actual weapon test results can be made, thus enabling a

critical evaluation of the validity of the method for making

predictions.

The billets were 6 inches in diameter. Selection of

this size was based on results of previous IITRI studies

(Ref. 1) concerning the effect of billet diameter on the im-

pact sensitivity of 9404 PBX. This work showed that, at dia-

meters greater than - 3-3/4 inches, the results are indepen-

dent of billet diameter. Thus, for the work reported here,

the 6-inch billet diameter was considered a reasonable choice,

with allowance for a Comp B-3 or 9010 PBX diameter effect

greater than the 9404 PBX previously studied. Four different

lengths of explosives were testes; ]/4, 1-1/2, 3, and 6 inches.

The object of testing different lengths was to determine the

relationship between charge length and impact velocity re-

quired for initiation. Also, a "limiting" charge length was

sought, i.e., the length of explosive such that a further

increase in length will not require an increase in impact

velocity for initiation of a reaction. Previous work led us

to expecc the existence of this "limiting" length within the

range of sizes tested (Ref. 1, 3).
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Two different detonators, IE23 and IE26, used in weapons

were impact-tested. The object of impact testing detonators

was to compare their response to impact with that predicted
by calculations baied on empirically derived data on lateral-
ly unconfined explosive billets.

2. Experimental Arrangement

In the basic experiment a 6-inch-diameter, 1-inch-
thick steel driver plate, is propelled by the uniform initia-
tion of a low density (p - 1 g/cc) tetryl explosive charge
placed in contact with the plate. The driver plate uniformly
impacts the explosive test specimen*. The impact velocity of
the plate varies directly with the quantity of the driver
charge used, when the plate size is kept constant. The ex-
plosive billet rests on three expendable witness plates, each
12 inches by 12 inches by 1 inch thick. The witness plates,
in turn, rest on a steel base or anvil 2 feet in diameter by
2 feet high.

There were some variations in this basic test configura-
tion. For example, for tests where camera coverage was used
the base or anvil was approximately I foot in diameter by 3 feet
high. A 3-inch thick driver plate was used fo; the laminate
configurations. The 3-inch thick plate was also used for ex-
periments to verify that the sensitivity of explosive billets
could, in fact, be characterized by impact velocity as the sole
parameter and did not depend upon the driver plate weight. The
specific test configurations will be detailed in the appropri-
ate section of this report.

* It is the initiation of the low-density tetryl explosive
almost simultaneously over its surface that results in theplate being uniformly accelerated. This initiation is ac-complished by the fragmentation of an aluminum disk, which oc-curs when the booster is ignited by a blasting cap. The fast-flying, hot aluminum fragments strike the tetryl explosivedriver charge in a large number of places simultaneously and
cause the driver explosive to detonate, as illustrated in
Figure 2.
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3. Criteria of Fire 7
The criteria by which we concluded that an explosive

reaction had occurred were based on visual observation of the

damAge done to the steel witness plate placed directly be-

neath the sample being tested. A shot for which no reaction

was considered to have occurred left a quantity of unreacted

explosive material on the witness plate. If no explosive could

be found on the witness plate and if the witness plate surface

was not damaged or marred, a consumed (or burning) reaction

was considered to have occurred. The criterion for a detonation

required that the witness plate show evidence of surface marring

such as metal flow, bulging or dishing of the plate. No other

criterion was used to determine the intensity of the reaction.

Confidence in using visual inspection as a means of deter-

mining the violence of the reaction is based on previous work

(Ref. 1,2) where high-speed framing and streak cameras were

used to observe impact and subsequent initiation of the ex-

plosive billet. In general, witness plate appearance corre-

lated with camera observations. However, witness plate ap-

pearance is a more reliable basis for marginal reactions. For

example, the smoke from a mild burning reaction occurring in

only part of the explosive m.y completely obscure the field of

view during the writing timne of the camera. Such a reaction

may die out and not propagate to all the explosive material.

After the test, small amount3 of explosive remain on the wit-

ness plate. It one used camera coverage only, the reaction

would be classed as a burning reaction. Inspection of the wit-

ness plate after the test would show unreacted material, how-

ever. This example shot should therefore be classed as a

no-go Dased on the fact that some material remained. High-

order detonations, on the other hand, are unambiguous. Wit-

ness plate inspection, coupled with experience, provides a

reasonably reliable method for interpreting test results.
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Recent sensitivity studies by Liddiard and Jacobs at NOL

(Ref. 19), involving high-speed camera observations of fire-

balls from marginal or subdetonation reactions, indicate
~that the fireball velocity and growth rate may, when properly

interpreted, be the parameter that will enable accurate deter-
mination of the amount of mate tal undergoing reaction. If
only part of the material reacts, one would expect some asym-
metry of the fireball profile. The work of Liddiard and Jacobs
holds the greatest promise of providing a quantitative measure
of the intensity or extent of subdetonation reactions.

4. Velocity of Sound Measurements

Acoustic techniques were used to measure tbr velocity
of sourd in 9010 PBX. This parameter is required in making
the prediction calculation. Sound velocity data already
exist for Comp B-3 and 9404 PBX (Ref. 2,20). From the mea-
sured velocity values, the elastic moduli for 9010 PBX was
determined. Elastic moduli M are related to the sound veloc-

ity c, and density p by

2
M = pc

The modulus under consideration will depend on the type
of wave propagated. A plane progressive wave, having a very
large beam width compared with a wavelength, will yield the
plate modulus B. If the lateral extension of the medium is
very small compared with a wavelength (a thin rod), propaga-
tion is governed by Young's modulus E. Care has to be taken
in both of these situations, as other modes can exist in
finite solids. Thin rods will also support surface waves and
wide rods will support many modes which bounce from side to
side. Shear waves, in general, are well behaved and can, in
principle, be propagated in a pure form.

* The fireball is the cloud of smoke or gaseous products seen
emerging from a reacting or decomposing explosive.
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Several measuring techniques may be used to measure

sound velocity, these are:

(1) phase difference at opposite ends of a block when a

wave passes through it,

(2) refraction effects at interfaces of the unknown

solid and a liquid medium of known or readily

measurable properties,

(3) resonance method,

(4) time-of-flight method.

The time-of-flight method was selected since previous mea-

surements on plastic bonded explosives (Ref. 2) showed that

this method yielded consistently credible data, and required

relatively little specialized equipment at the test site.

General method of measurement. The velocity of sound

is measured by determining the time taken by a physical wave

to travel a known distance through the sample. The pulser

produces a large voltage across the face of a crystal, which

converts the voltage to a pressure on the sample. Since the

rise time of the pulse is considerably smaller than a fourth

of a period, the crystal does not track the electrical input

wi':h a corresponding pressure pusle. Rather, the crystal

rings at its resonant frequency, with only a small admixture

of harmonics. One might think that mostly harmonics would

be present, but a crystal is most sensitive to the resonant

frequency. In addition, an oscilloscope display of crystal

response showed an almost pure sine wave at the fundamental

frequency. Thus, the frequency of the wave traveling in the

sample is the resonant frequency of the crystal, rather than

some frequency related to the rise time of the electric pulse.

A receiver crystal, with the same resonant frequency as

the sender, converts the pressure pulse into a voltage, which

is pre-amplified, and displayed on an oscilloscope. Also

displayed on the oscilloscope is the output pulse of the
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pulser. The time difference between the input pulse and the

start of the proper response of the receiver system is found

by noting the displacement on the screen of the oscilloscope.

The sweep rates on the oscilloscope were calibrated immediate-

ly after the experiment, and found to be as indicated by the

manufacturer--to I per cent accuracy for the portion of the

oscilloscope face used in the experiment. Thus, the time

letween electrical excitation and response was measured. The

correction for delays in the crystals themselves, and in the

electronic equipment, was found by bonding sender and receiver

crystals together, as they are bonded to the samples, and

measuring the time between excitation and response.

It might be argued that the proper method of measuring

the velocity is to measure the time difference Letween samples

of different lengths. This would unambiguously correct for

any electronic and transducer delays. Unfortunately, by ig-

noring measurements at intermediate lengths, this method loses

information.

All samples were 3 in. in diameter, with the sidewalls

made nonuniform to reduce coherent reflections. The ends to

which the crystals were mounted were flat and parallel.

Measuring the compressional wave. The compressional

wave is excited with a 2-in.-diameter ceramic transducer and

received with a similar transducer. Each is bonded to the

sample with stopcock grease, which will transmit compressional

waves. Since the compressional wave travels through the

sample faster than any other physical wave, the first wave to
hit the receiver is that compressional mode which travels

straight down the sample. The time delay, found by noting

the time difference when the crystals are bonded together, is

less than 0.2 j.sec. Thus, no correction is needed for the

measured travel times, since reading of travel time cannot

be made to a precision of 0.2 ILsec. Measurement error due

to instrumentation is estimated at less than 3 per cent.
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Measuring the shear wave. The shear wave is excited with

special shear ceramic transducers 1-1/2 in long and 1/4 in.
wide and received with a similar crystal. The resonant fre-
quency of each crystal is 100 kc. The crystals are bonded to

the explosive with stopcock grease.

Since there is some compressional wave excited by the
crystal, a small signal appears first on the oscilloscope.
This is checked to be the compressfonal wave by noting the

time at which it is received. Later, a shear wave reaches the
receiver and appears as a larger signal. The time at which
this larger signal appears is noted. The attenuation of the

shear waves is greater than that of the compressional waves.
Therefore, the longer samples can have a smaller ratio of

shear to compressional waves at the receiver, even though the
shear wave is excited with a greater amplitude than the com-
pressional wave. C')rrection for time delays is found again
by gluing the two crystals together, this time with paraffin,

and by noting zhe time difference between excitation and re-

sponse.

5. Driver Plate Velocities

Driving plate velocities were not measured for each
shot since this experiment had been calibrated in previous re-

search programs (Ref. 1, 2) using the same experimental ar-
rangement. Calibration curves which give the relationship
between plate velocity and tetryl driver charge weight, for

a given driver plate size, are used to determine the impact

velocity for the initial conditions of each test.

B. Results of Experiments

1. Planar Impact Loadin5

The relationship between charge size and impact

v'1ocity was determined for 9010 PBX and Como. B-3 A

.'.. oer of t'r, w-.(n repe ited on 9404 PBX to

verify that the 1961 '-esults could be euplicated, hence
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meaningful comparisons could be made between the several ex-

plosives studied. The effects on sensitivity of two slightly

different test arrangements were evaluated. In one case, the

driver plate, which impacts and subsequently crushes the ex-

plosive, is initially in contact with the test explosive.

In the second case, there is a 1/2-inch air gap or stand-off

between the driver plate and the test sample, Figure 10.

Driver Plate
.I ..river ;late

Explosive fillet .%xplosive illet

~()Plate in contact
(a) Air gap with explosive\\\\\\ \•

Figure 10 2onfigurations for planar impact experiments,
prior to acceleration of driver plate
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When the plate is in contact with the explosive billet the
shape the pressure-time pulse at the explosive surface is that

of a decreasing exponential function. In the case where there
is initially an air gap between the plate and explosive, the
shape of the input pressure pulse is that of a square wave or
flat top pulse.

Influence of input pressure pulse shape on sensitivity.
The shape of the input pressure pulse for low velocity

impact in previous studies (Ref. 1,2) had not been observed
to be a variable. The previous work had been done on 9404PBX,

LX-04, and RX-04, all FMZX-based materials In these
studies the sensitivity of the HMX-based explosives remained
the same under both impact conditions, i.e., the plate in-
itially in contact with the explosive or the plate traveling
throughi an air gap prior to impact. It is generally a more

convenient arrangement to have the plate in contact with the
explosive. However, when camera coverage is used the air gap

configuration is preferred, because the motion of the plate
across the gap can be followed and the exact time of impact
can be determined. In the present study, it was observed that
the air gap configuration resulted in a considerable increase
in impact sensitivity of 9010 PBX and a slight increase in
Comp B-3 sensitivity. Since the presence or absence of the air

gap had not been found to be a significant factor in impact
sensitivity experiments on HMX-based explosives, we did not

originally intend to systematically evaluate this matter.
When this unexpected factor presented itself within the course

of work, it was necessary to establish its Aignificance and
determine the magnitude of its effect.

9404 'BX,90 HMX, 3% Nitrocellulose, 3% P-chi-roethyl
phosphate

LX-04, 85% fine HMX particles, 15% Viton A

RX-04, 85% coarse HMX particles, 15% Vitci-- A
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I
Therefore, experiments were systematically carried out to

resolve the qt-estion of the "irregular" behavior of 9010 PBX
~and CompB-3. The results of these experiments showed that

9010 PBX was, in fact, strongly affected by the air gap geome-

try and Comp B-3 only slightly affected. Impact experiments

were also carried out on 9404 PBX. The results confirmed the

previous observations (Ref. 1,2) that the sensitivity of

9404 PBX is not affected by the air gap configuration. These

results are shown in graphical form in Figure 11 and detailed

in Table II.

Discussion. Results of experiments employing the two

pulse shapes have application in the analysis of the impact

vulnerability of weapons. The presence of an air space ad-

jacent to the explosive in a weapon is a frequent occurrence.

The effect of this air space may now be taken into account

for the explosive materials investigated thus far. If the

explosive in a particular weapon is not one of those for

which we have data, then the data on the behavior of the

most sensitive explosive, 9010 PBX, should be considered as

the applicable data for safety purposes.

The shape of the input pressure pulse has only within

recent years been suggested as a possible variable in sen-

sitivity studies. There has been practically no work done

in this area. A systematic study on 9404 PBX at LASL (Ref. 21)

was concerned with the effect of very short duration square

wave pressure pulses on the time delay to high-order deto-

nation. Marlow (Ref. 22) has investigated the effect of di-

vergent waves from a thin rod on the initiation of an

HMX/TNT composition. For the two pulse shapes considered

I 3
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in the IITRI experiments we have the same plate mass strikingIthe explosive at the same initial impact velocity. The

momentum and energy are the same in both cases: The rate

at which the momentum Is deposited differs, however. These

differences are significant for 9010 PBX, less important

for Coip B-3, and unimportani for 9404 PBX. We believe

that ani unders' ia lin, of ! 1c (If iilpi prCssure pulse

shape, i.e., the form of the energy deposition, on initia-

tion of subdetonation reactions in explosives is a neces-

sary step in the total understanding of the initiation pro-

cess.

2. Concentrated Impact Loading

The impact sensitivity experiments conducted thus

far had been concerned with the effect of a planar uni-

formly distributed load. It was expected that a more sen-

sitive condition existed if the same energy or momentum

of the applied load were concentrated over a smaller volume

of explosive. Thus, as a small part of this program, we

also considered the effect of a nonuniformly distributej

load.

A wedge-shaped loading device was selected since the

solution of the penetration of wedge into a target is

available in the literature (Ref. z3, 24). Figure 12 shows

the shape of the wedge that was used.

I
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-te-rrA.- driver

370141explosive

6.29"wedge

-- explosive

, a-i.vil

(a) Wedge Dimensions (b) Test Arrangement

Figure 12 Wedge-shaped impact loading device

Thc wi 'f~~ ic cvAtlv the same as that

of a 6-inch-diameter, 2-inch-thick steel driver plate,

16 1b. The wedge had a sharp or pointed edge, except in one

case where the bottom edg-e was flattened according to

Fig'Ure 12. TIhe explosives tested, Comp) B-3 and 9010 PBX,

were 6 inches high. The results of impact experiments,

Table ITI, showed that the wedge impact is not a more sen-

sitive loading condition.
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No reaction occurred in Comp B-3 at impact velocities that
were high enough to cause high-order detonation for a planar

impact configuration. Our inability to initiate this explosive

clearly shows that caution must be exercised in comparing the
response of explosives to differert forms of applied energy.

It is not only the total amount cf energy available that is
important, but the means by which the energy is deposited and
the mechanism which is operative for that method of energy

depositi1.on.

Significance Of Wedge Test Results On Weapon Response
In earlier IITRI work on weapons containing plastic

bonded explosives (Ref. 4), the predicted values of the critical
impact velocity for initiation were within 20 percent of the

experimentally bracketed values for six of the seven weapon

types for which predictions were made. The seventh weapon was
found to be more sensitive than had been predicted. In this

case an extremely concentrated local loading condition, unlike
the laboratory impact experiment upon which the prediction was
based, appeared to be responsible for the increased sensitivity
and, hence,for the inaccuracy of the prediction. Uniformly
distributed *oading had been implicitly assumed in the prediction

calculations. Deformationwhich occurs over a small area or
sharp line on contact, causes much higher stresses in these
regions than the same force would cause if it were operating

over a large area. However, the wedge test results show that
one cannot know in advance whether a given concentrated load
will, in fact,be a more sensitive configuration, in spite of

the higher stresses developed in the explosive. Thus,if the

explosive in a weapon can be subjected to a concentrated or
stab-type loading, response of the explosive to such a load

must be determined by experiments which simulate this concen-

trated load. One can only successfully predict the response
of weapon Lystems to impact if the valid assumption tr!ar

the same mechanism is responsible for initiation in both

50j



laboratory experiments and the accidental weapon impact is

valid. To make reliable predictions of vulnerable impact con-

ditions solely by analytical means, we must be able to under-

stand the processes which are active during impact initiation

and the mechanisms governing these processes. Solution of the

wedge penetration problem for the case of an explosive target

is a good example of one problem that can be pursued analy-
tically using available theoretical techniques.

3. Sensitivity of Detonators

Two different detonators 1E23 and IE26 were impact-

tested during this program. The purpose of these tests was

to verify that the method used to predict the impact sensiti-

vity of detonators is valid. Detonators are of a much smaller

diameter than the billets presently being tested, (although

unconfined 9404 PBX billets as small as 1-1/2 inch diameter

were impact-tested in an earlier program (Ref. I)). The HE

in the detonators are confined in plastic and metal contain-

ers whereas all our sensitivity testing was on unconfined

billets. The results of these tests, listed in Table IV,

are not consistent. The reason foe this inconsistency is

not understood, since, as far as we can tell, there were no

differences in the procedure for carrying out these experi-

ments. In all cases the detonators rested on a 6-in.-diam

steel base, and were impacted by a 1-1/2-in.-diam by I-

1/4-in.-high steel driver plate. The plate velocities for

all tests ranged between 150 fps to 275 fps. The maximum

velocity attainable for the 1-1/2-in.-diam system is 275 fps.

Our predictions indicate that 150 fps should be sufficient

to initiate the IE23 detonator. Unless the anomalous beha-

vior of the detonators is resolved, the results are of no sig-

nificance. The irregular behavior of the detonators may be due

to the fact that more than one mechanism for initiation can occur

1
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in a confined system. The mechanism that is operating in a

partic2ular experiment may be related to the mode of failure of
the confining case.

4. Velocity of Sound in 9010 PBX

The results of the measurements of sound velocity
and the elastic constants ot 9010 PBX are given in Table V.

Table V

SOUND VELOCITY AND ELASTIC CONSTANTS OF 9010 PBX

Average density, -: 1. 787 gin/cm3

Compressional velocity, cb: 2702 meters/sec

Shear velocity, ct: 1330 meters/sec

Plate modulus, B 130.7 109dynes/cm 2

Lame's constant, ii: 31.6 10 9dynes/cm 2

Lame's constant, 67.5 139dynes/cm 2

Buld modulus, K: 88.6 109 dynes/cm2

Young's modulus, E: 84.8 109dynes/cm2

Poisson's ratio, U: 0.34

The velocities are found by dividing the path length by

the corrected time of travel. From these velocities, and from

a knowledge of the density of the samples, the elastic moduli

are computed from the following equations.

2B iv b  Plate Modulus

t Lame's Constants

= B- 2

B- ; + 2( Plate Modulus

K = X + Bulk Modulus

E -L(3k + 2kt) Young's Modulus
+

u = /2( + Poisson's Ratio
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5. One-Dimensianal Composites, Analysis and Experiments

Weapon configurations may be simulated by one- -

dimensional composites consisting of alternate layers of explo-

sive and inert materials. Such model segments may be tested

under better controlled conditions than are possible in full-

scale field tests of weapons. In this study calculations were

made of longitudinal wave motion in layered systems of explo-

sive and inert materials representing a composite of materials

encountered in weapon design, in order to determine interactions

which may lead to explosive initiation at relatively early

times after impact. Predictions were made of critical impact

velocities for initiation of the explosive in these simple

systems. Experiments were then conducted on one-dimensional

composites duplicating the model analyzed to confirm the

predictions.

Several composites w,.re analyzed. They consisted of

combinations of steel, 'Luminum, lead, and explosives. Figurel3

shows the configurations which were analyzed. Figure 14

shows the results of the analysis in terms of initial plate

velocity and particle velocity at the explosive.

In the previous prediction calculations (Ref. 3,4, 9) all

materials were assumed to behave elastically. In an effort

to improve the predicted vulnerable impact velocities for in-

itiation of explosives in layered systems the real material

properties (equations of state) were taken into account, and

wave interactions were computed by means of IITRI's SWIMM

Code (Ref. 26). The results of these more rigorous calculations,

when compared with the elastic approximation, show that the

elastic approximation is sufficiently accurate. A detailed

description of the method for predicting the impact response

of an explosive material is given in the Appendix. Of the

several model configurations the lead-aluminum buffer appears

to offer the most sensitive condition. For e,:ample, for an

impact velocity of 300 fps, the initial particle velocity at
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Figure 14 Computed particle velocity at the explosive,
for layered composites detailed in Figure 13
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the explosive surface would be 353 fps. The initial test con-

ditions were such that the plate velocity of Shot 140, 415 fps

would not be sufficient to initiate the explosive in the ab-

sence of tha aluminum and leau. However, with the aluminum

and lead layers the particle velocity at the explosive 488 fps

is sufficIent to initiate the explosive as predicted. The

other shots also behaved as predicted. The details of the

composite experiments, predicted values and results of ex-

periments are given In Table VI. These experiments show

thit within the limits of the materials considered, the

prediction method is valid.

i5
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IV. CONCLUSIONS AND RECOMMENDATIONS

The results of the studies carried out on this research

program have confirmed the validity of the prediction method

(Ref. 3,4,9 and Appendix). The elastic approximation was

shown to be sufficiently accurate for predicting the impact

sensitivity of explosives in layered configurations which

are simple models of weapon systems. The acquisition of

additional sensitivity data for Comp B-3, 9010 PBX and 9404 PBX

should improve the accuracy of predicted vulnerable impact

velocities for weapons containing these explosives. The un-

expected insensitivity of these explosives to a concentrated

load in the form of a wedge-shaped loading device as well as

the various degrees to which explosives are influenced by

shape of the input pulse, points out the care that must be

exercised in comparing the response of explosives subjected

to different forms of applied energy. In spite of this fact,

the results of properly designed experiments can be used to

predict the response of weapon systems to impact provided

the same mechanism governs the explosives response both in

laboratory and weapon tests.

Many different mechanisms can govern the response of an

explosive to impact. The variables that control the operation

of these mechanisms are related to the geometry, composition

and environment of the explosive, and the details of the

applied load. The precise processes by which an explosive

is ignited by low-speed impact are not Understood. For ex-

ample, the experimental observation of high interface tempera-

tures by rapid response surface thermocouples in this study,

as had been predicted by flow analyses by IITRI in this report

and by Weston (Ref. 15), represents a significant first step

toward pinpointing the ignition mechanism for a single geo-

metry, the pinch condition. Much work remains to be done in

confirming and then in utilizing an understanding of the

59
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I,

mechanism of ignition in the pinch condition and other impact

situations of importance.

The technique for predicting vulnerable weapon impact

velocities, which utilizes laboratory data in a simple long-

itudinal stress wave analysis, is rather well established. 3

Progress toward a complete solution to the impact problem

requires further fundamental study of th low-velocity im-

pact ignition of explosives, however. Rather than doing any
further impact tests on specific configurations, work should

be directed toward determining the basic processes by which

local hot spots of sufficient intensity and size to grow in-

to propagating explosive reactions are developed.
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APPENDIX

Model For Predicting Impact Initiation Of The

Explosive Component In A Weapon

The results of the laboratory experiments are used in the

analysis to predict the vulnerable impact velocity of a weapon

or a layered composite representing a weapon se,-t.1n. The data

on critical impact velocity as a function of charge size

(Figure 1) cannot be used directly for prediction purposes, since

the explosive in the system is surrounded bi- .y iayers of ma-

terials and may strike a variety of target ina-erials not in-

cluded in the experiments. This does not po:e a real limitation

inasmuch as the impact sensitivity of the explsive may be char-

acterized by the particle velocity transmitt., to the explosive,

and we can calculate the manner in which the -pplied load is

modified as the disturbance traverses the un:!

We can, therefore, from knowing the rkq-.r-d particle ve-

locity for initiation of the explosive, compt. 2 the required

weapon impact velocity. Thus, it is somewhat )L an advantage

to first study the explosive under as simple 2vironmental con-

ditions as possible so that the experimental results are suffi-

ciently general that they can, by prrcer computation, be applied

to many, quite different, weapon configurations.

Upon impact of a weapon against a target, the 3ur-'.n appli-

cation of load causes deformations and stresses whih are not

immediately transmitted to all parts of the body. Remote por-

tions of the weapon may remain undisturbed for some time. The

propagation of the disturbance caused by the impact, the stress

wave, is modified upon crossing interfaces between different

materials

Thus, as the physical properties of the medium through

which the sLress wave is propagating change, the pulse will be

modified at crossing the change or interface. From the point

of application of load to the location, within the weapon, of

I
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the high explosive components, this stress wave crosses several I
interfaces; consequently, the amplitude of the initial stress

and particle velocity will be altered by the time it reaches 1 !

the explosive. By computing the stress and particle velocity

in the explosive as a result of the disturbance resulting from

the weapon impacting the target and the large number of wave

interactions in the laminates which make up the weapon, one can

make predictions regarding the impact vulnerability of the

weapon

Method Of Calculation For Elastic Approximation

The pressure and parLicle velocity behind the stress wave

can be calculated directly from the Rankine-Hugoniot jump con-

ditions expressing conservation of momentum. Across an elastic

wavefront, this relationship is

P-p C Up

where

P = pressure or stress normal to the wave front

(kilobars(l bar - 106 dynes/cm 2=-14.5 psi;

I kbar-l03 bars; I Megabar - 106 bars)*)

p = density (gm/cm 3 )

C = elastic wave velocity or the sound velocity
(meters!sec)

U f particle velocity (meters/sec)P

At the boundary between two materials, the pressure and particle

velocity must be equal.

Actually a graphical solution called the impedance, or

characteristic, method is used for determining the pressure P

and the particle velocity, U in the explosive. To explain the
p

impedance method, an example, Figure 15, is given which con-

siders only two materials, as in the air gap experiment, a flyer

A bar - millisec - gram-cm or a Mbar - microsec - gram-cm
system of units, conveniently, does not require a conversion
factor.
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plate impacting a stationary explosive billet. In this example,

a line is drawn through the origin which represents the locus

of all (P, U ) states which can be attained in the stationary
p

billet. This line is constructed by knowing the initial density

p and sound velocity C of the target (explosive) material. The

slope of this line is C, since, from the conservation of mo-

mentum, P - p)CU p or P/Up = fC.4

When the flyer plate impacts the target, a disturbance or

stress wave is reflected back into the plate. The locus of

(P,U ) states, which can be attained behind the reflected wave
p

in the plate, is given by the cross curve. This line is con-

structed by knowing the initial density and sound speed in the

plate material. The slope of this cross curve is -C. The

intersection of the two lines is the state common to both

materials and satisfies the boundary condition that P and UP
be equal across the interface of the plate and target.

4

II

I
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i81-
14 slope -(pC) explosive 7"slope-

6- driver"
plate

0 20 40 60 80 100

Particle Velocity,, U p(reters/sec)

Figure 15 Graphic method for obtaining (P, U )at the
interface of two materials upon impact

S is the (P9 U ) state common to a stationary
target and a fyver plate at the time of colli-
s ion
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